Abstract: Recent studies show that deposit formation and agglomeration in fluidized bed boilers may be aggravated by a high phosphorus content besides alkali metals, chlorine and sulphur in a fuel. This paper presents the fate of phosphorus during co-combustion of wood chips and wood pellets with rapeseed cake pellets, a high phosphorus fuel in a 12MW CFB boiler. 12 hour tests with 12% and 18% (energy basis) of rapeseed cake with wood were performed with and without limestone addition. All fuels were characterised by means of standard fuel analyses combined with chemical fractionation. Retrieved ash samples were analysed using wet chemical analysis complemented with SEM/EDXA. Gaseous alkali metal chlorides as well as HCl and SO 2 were measured upstream of the convective pass at a flue gas temperature of 800 o C where also the deposit samples were collected with a deposit probe. The composition of deposits was studied with SEM/EDXA. Analyses of bed material particle cross-sections showed phosphorus compounds present within a K-silicates matrix between the agglomerated sand particles, indicating direct attack of gaseous potassium compounds on the bed surface followed by adhesion of rich in phosphorus ash particles. Build-up of the deposits took place mainly on the windward side of the probe; where up to 9 wt-% of phosphorus was present. SEM/EDXA shows that rapeseed cake addition caused an increase of K, Na besides P indicating presence of low melting phosphate salts in the deposits. During limestone addition in the deposit samples the increase of Cl could be noticed however no significant change in P content was observed. This paper shows that agglomeration and fouling when co-firing rapeseed cake may be linked to its high content of organically bonded phosphorus -phytic acid salts; together with high content of water soluble fraction of alkali metals chlorides and sulphates in the fuel mixture.
INTRODUCTION
In order to save fossil fuels and prevent global warming, biomass, the main one among renewable sources of energy, have been given increased attention. Challenges connected with biomass combustion in fluidized bed boilers, are caused by ash chemistry which may induce agglomeration, fouling and corrosion. It is commonly known that alkali metals, chlorine and sulphur are the main factors lowering the first melting temperature of ash (Hupa M., 2008; Jenkins B.M. et al., 1998) . However, recent studies showed that these problems may be aggravated by a high phosphorus content in the fuel Coda Zabetta E. et al., 2008; Lindström E. et al., 2007; Nevalainen H. et al., 2008 ). An interesting example of a fuel rich in phosphorus, alkali metals and chlorine is Rapeseed Cake, a residue from the production of Rapeseed Methyl Ester (RME). Interactions of phosphorus with other ash forming elements during combustion are not fully understood and are subject of this paper.
The work is a continuation of a study on the role of limestone in preventing agglomeration and slagging during CFB combustion of high-phosphorus fuels . Here the investigation covers both agglomeration and deposit formation during co-combustion of a mixture of wood chips and wood pellets with rapeseed cake pellets. Results are supplemented with gaseous chlorides, sulfates, and alkali metal chlorides present in the beginning of the convective pass.
Figure 1
Schematic of the boiler. 1: furnace, 2: primary cyclone, 3: particle seal, 4: convection pass, 5: secondary cyclone, 6: bag-house filter, 7: stack, 8: fuel bunkers, 9: air, 10: bottom material removal, 11: bed sand, 12: measurement position before convection pass, 13: measurement position after convection pass, 14: measurement position after bag-house filter, 15: cyclone leg material sampling spot, 16: bed material sampling spot, 17: secondary cyclone ash sampling, 18: bag-house filter ash sampling.
EXPERIMENTAL SET-UP Boiler
The 12 MWth CFB boiler located at Chalmers University of Technology, shown in figure 1, was used for the tests. The boiler is large enough to be representative for a semi-industrial CFB boiler and is described in detail elsewhere (Åmand L.-E., 2004) Combustion experiments
The experimental plan consisted of 4h preliminary tests and 12h tests listed in Table 1 . The varied parameters were the rapeseed cake (RC) ratio and the addition of limestone (CaCO 3 ) to the bed consisting of silica sand. During the tests wood chips (WC) and wood pellets (WP) were used as a base fuel. The highest share of RC was co-combusted during a 4h test here named as WNL45_preliminary. This test was preceded with two other 4h preliminary tests during which 12 and 21% (energy basis) of RC was co-fired respectively. During tests WNL12 and WL18 a RC ratio of 12 and 18% (energy basis) was used, respectively. In the latter test limestone was added. Both tests lasted approximately 12h and were preceded with the reference tests, reference_WNL and reference_WL, when no RC was co-combusted however limestone was used in the latter one. The limestone was taken from Ignaberga in south Sweden. The operational conditions were chosen to represent a typical case of an industrial CFB boiler with a bottom bed temperature of 850°C and an excess air ratio of 1.2. The flue gas temperature was maintained at the level of 800°C before the convective pass and around 150°C in the secondary cyclone and bag house filter in all tests. The load was kept at about 6 MW in all tests corresponding to a fluidizing velocity of about 5 m/s in top of the furnace. 12 MW is an overload used for special research activities. Samples from all outgoing solid material streams -namely bed material, secondary cyclone and bag filter, were collected at the end of each test. Deposit samples were collected on steel rings which were fitted on an air-cooling probe situated in the middle of the fluegas stream before the convective pass. The surface temperature of the steel rings was set to 500°C during all three preliminary tests and 480°C in case of other 12h tests to simulate a superheater tube.
Analyses of gases
In the convective pass gaseous HCl and SO 2 were measured with Fourier Transform Infrared (FT-IR) spectroscopy. In addition gaseous alkali chlorides were continuously measured at this position using the In-situ Alkali Chlorides Monitor (IACM) developed by Vattenfall. The instrument uses a sampling time of 5-10 seconds. The detection limit at a 5 meter measuring length (width of the flue gas channel) is 1 ppm for KCl and NaCl (Kassman H. et al., 2006) . HCl emissions were measured by means of FT-IR and SO 2 with non dispersive ultra-violet (NDUV) analyzer; the results were used for the mass balances calculation over the boiler.
Analyses of fuels and ash samples
Fuel samples (WP, WC and RC) were analyzed using standard fuel analysis and chemical fractionation.
Chemical fractionation is a method based on selective consecutive leaching by water (H 2 O), 1M ammonium acetate (NH 4 Ac) and 1M hydrochloric acid (HCl) (Baxter L.L., 1994; Benson S.A., 1985; Skrifvars B.-J. et al., 1998; Zevenhoven M. 2001 , 2004 . The increasingly aggressive solvents leach samples into a series of four fractions (including the unleached residue). The untreated samples, the liquid fractions and the remaining solids were analyzed by an external laboratory according to Swedish standards. Ash samples from all outgoing solid material streams were collected and analyzed quantitatively according to ASTM D3683 and ASTM D3682 by the same external laboratory.
Additionally semi quantitative analyses of bottom ash and deposit samples (from the windward (0°) side of the deposit ring) were performed by means of SEM/EDX. Hereto, ash samples were mounted on carbon tape and covered with a thin carbon layer. Also the bed material particle cross-sections were studied by means of SEM/EDX spot analyses. Hereto investigated samples of bed material particles were embedded in epoxy and polished with ethanol to obtain crosssections and smooth surface that was consecutively covered with carbon for SEM/EDXA.
RESULTS AND DISCUSSION

Fuel analyses
Standard fuel analysis, shown in Table 2 , indicates clearly the main ash forming matter constituents of rapeseed cake (RC) pellets are potassium and phosphorous, an additional feature is the high content of chlorine. High ash content of RC results in up to 11 times higher RC ash inflow compared to WP and WC ash inflow during test WNL45-preliminary (Table 1) .
Results from the chemical fractionation are presented in Figure 2 . This figure shows the elemental composition of the fuel divided into four obtained fractions, facilitating the comparison between the chemical compositions of the co-combusted fuels. Leaching with water releases simple soluble salts, usually volatile alkali compounds, with ammonium acetate the ion exchangeable part of the fuel ash forming matter is released; in the final step the acid soluble inorganic salts are leached while in the rest (Werkelin J., 2008; Zevenhoven M., 2001) . Only a small amount of phosphorus is found present in the fraction leached by water and hydrochloric acid.
In rapeseed cake high shares of phosphorus are present. This phosphorus is leached in all three procedure steps, indicating different associations. A large part of the rapeseed cake ash forming matter is leached by water indicating simple salts like alkali chlorides, sulphates and phosphates (Werkelin J., 2008; Zevenhoven M., 2001 ). As shown in previous studies (Pontoppidan K. et al., 2007) around 70% of total phosphorus present in rapeseed cake can be associated with phytic acid (myo-inositol hexaphosphate) and its degradation products (mainly inositol pentaphosphate). These phosphorus compounds are probably found in the ammonium acetate and hydrochloric acid fractions. The solubility depends strongly on the type of complexes the phytic acid is forming with cations and proteins (Cheryan M., 1980 , Shahidi F., 1990 . In the hydrochloric acid fraction mainly calcium, magnesium, but also iron, zinc and manganese were found next to phosphorus.
Mass balance and distribution of ash in the CFB boiler
The ash balance has been calculated for each test and results are presented in Table 1 . For the calculation all the incoming and outgoing inert flows were used. Ash forming matter entering the boiler with the fuels but also silica entering as substitute for removed bed material and ash produced by limestone addition were considered to constitute the incoming streams. In order to determine the limestone ash flow, the assumption that it fully converts to CaO to form CaSO 4 was made. The closure of the ash balances is shown in Table 1 as the ratio between the total ash outgoing flows to the total ash incoming flows in the percentage form. The closure for RC co-combustion tests was poor indicating ash accumulation in the system. This was proven after the 4 hour tests that resulted in heavy build up of agglomerates in the particle seal of the boiler. A total shut down of the boiler happened, and the restart was not possible until the particle seal and tube from the cyclone was cleaned Bed material cross-sections a) RC ash particle -Test WNL45_preliminary, b) bed material particleWNL45_preliminary, c) bed material particle -Test WL18. from large agglomerates. The boiler was started with fresh bed material after which reference test, reference_WNL, was performed. The mass balance closure for reference_WNL of 160% suggests that ash still present elsewhere in the boiler was removed during the reference case.
Elemental flows were calculated using the quantitative analyses of the incoming and outgoing inert streams. The inflow of the particular element was defined as 100%, and thus the elemental distribution over outgoing streams could be calculated. Results are shown in Table 3 . During test WNL12, a forced agglomeration test was performed by shutting off bed regeneration and bottom ash removal (indicated with a "-" in Table 3 ). The concentration of chlorine in bottom ash samples could not be analyzed due to method detection limit (500 ppm). Na and K show a similar behaviour in the boiler and are considered here as a combined fraction of alkali metals. The values presented in Table 3 give an indication of the pathway that ash forming matter is taking through the boiler. It can be seen that high phosphorus and alkali metals accumulation in the boiler and/or convective pass took place. The rest was found in the secondary cyclone ash. In contrast, sulfur and chlorine form small particles that were captured in the bag filter or were emitted in the form of sulfur dioxide or hydrogen chloride. During test with lime addition (WL18), next to obvious sulfur and chlorine retention, a small increase of K+Na in the bag filter fraction occurred, most probably caused by increased formation of alkali metal chlorides as shown in Table 4 .
The role of P in agglomeration
In Figure 4 Windward side deposits composition. Figure 3a ) a rapeseed cake ash particle found in the bottom ash sample during test WNL45_preliminary is shown. Within the ash particle the high concentration of phosphorus next to alkali metals can be noticed (about 35 wt-%) indicating that formation of low melting RC ash particles could take place (Lindström et al., 2007) . The analyses of bed material cross-sections as shown in Figure 3b ) indicate a reaction of potassium compounds with bed material forming low melting alkali silicates (Öhman M. 1999) followed by adhesion of RC ash particles rich in phosphorus. Probably among others potassium phosphates reacted with silica initiating agglomerates formation Barišić V. et al. (2008) . The formation of low melting potassium-calcium-silicates during biomass combustion was discussed by Öhman M. (1999) and seems to be valid also in the present co-combustion tests. Addition of limestone changed the combustion behavior by decreasing agglomeration tendency (Figure 3c ). The sand particles were coated with a calcium rich layer preventing low melting potassium-silicates formation. This is in agreement with studies done by Barišić et al. (2008) regarding the same experiments.
The role of P in deposit formation
Rates of deposit build-up (RBU) presented in Table 4 indicate that co-firing of wood with RC showed high fouling rates; rapeseed cake addition from 0-45% on energy basis caused an increased RBU most probably due to alkali chloride condensation. However, the deposit formation was also aggravated by fine phosphates particles as shown in Figure  4 where the elemental analysis done with the use of SEM/EDX is presented. Figure 4 shows not only an increase of K, Na in the deposit samples but also of P (9 wt-%). Increased concentration of (KCl+NaCl) in the dry flue gas entering the convective pass can be noticed during test WL18 (Table 4) . This could be a result of limestone addition which by binding S didn't allow sulfation of (KCl+NaCl) (Kassman H. et al., 2006) and as a consequence higher RBU were observed. No influence of limestone addition can be noticed on HCl entering the convective pass (Table 4 ) most probably due to measurement uncertainties. Limestone addition seemed to have no impact on the amount of phosphorus (Figure 4 ) present in the windward side deposits.
CONCLUSIONS
The fate of phosphorus was investigated during co-combustion tests of rapeseed cake with mixture of wood chips and wood pellets. Chemical fractionation shows that P in rapeseed cake has different chemical forms: easily soluble (K+Na) phosphates or organically associated phytic acid salts. Rapeseed cake, rich in P and (K+Na), forms ash particles of probably partially molten phases that are aggravating agglomeration, slagging and fouling upon combustion. The elemental distribution over outgoing ash fractions shows that P is mainly found in the secondary cyclone if not accumulated in the system. Formation of low melting K-silicates followed by adhesion of ash particles, which are rich in P, results in bed agglomeration. Limestone addition causes coating of sand particles preventing low melting silicates formation. Rapeseed cake addition causes an increased rate of deposit build-up (RBU). Windward side of 3-hour exposed ring deposit consists mainly of alkali metal chlorides and sulfates with up to 9 wt-% of P. Limestone addition does not have significant influence on P content in the deposit. Combustion of the studied rapeseed cake results in high concentrations of (KCl+NaCl) but also causes increase in HCl (g) and SO 2 (g) in the beginning of the convection pass. Co-firing of rapeseed cake with wood turned out to be a problematic case however some 18% of rapeseed cake on energy basis could be co-fired with wood when limestone is added to the bed. 
